I. INTRODUCTION
T HE increase of decentralized energy production challenges the actual distribution grid [1] , [2] . In many countries, the generation and the consumption are spatially separated and the energy, often produced by stochastic sources, needs to be transferred over a long distance [3] . This calls for new concepts to transfer the power without overloading the grid feeders, allowing the integration of storage and new loads, such as electric vehicles charging stations [4] .
In the current configuration, the transformers are passive devices, which do not enable active grid management and the integration of storage. To address the current and the future system level challenges, there is a trend to install more intelligent devices in the grid to enable new grid services [5] . In this framework, dc/dc converters with high step-up ratio represent the key for the implementation of solid-state transformers (SST), which can regulate reactive power, active power (to a certain extent) for the optimization of grid feeders, integrate storage, and interact with the distributed energy sources [6] . The most adopted way in the literature to solve this task is to realize series/parallel structures based on single-input single-output dc/dc converters with high-frequency transformers [7] , such as the dual active bridge (DAB) [8] . Also, resonant converters, such as the series-resonant converter (SRC) or the LLC converter, can be adopted to this aim. In particular, given the open-loop voltage stability of the SRC, this solution has been adopted in SST concepts [9] .
Recently, the development of modular multilevel converters (MMC) has pushed researchers to extend their use even to the dc/dc realm, where an MMC leg can be used as a quasi-two-level cells operating with high voltage [10] . Push-pull configurations of the MMC operating as a dc/dc converter are reported too [11] .
This paper presents a modular dc/dc converter based on multiport cells that are connected in series and in parallel, in order to have multiple paths through which the power can be routed. A power sharing technique between the cells is then proposed, with the aim of relieving the stress from the most deteriorated cells. In fact, while modular structures can be made fault tolerant either at system or at cell level [12] , the novelty of this approach is that the control tries to delay the time of the failure by shifting the thermal stress to the healthier part of the converter. The proposed solution is described, analyzed, and simulated at system level, where the iteration among multiple building blocks is shown. A simulation showing the long-term effects on a single building block is carried out, and an experimental setup is built to confirm the latter result. This paper is organized as shown in Fig. 1 . Section II describes a possible application of the dc/dc converter to an SST. Sections III and IV deal with the control. Section V investigates the operation of the dc/dc stage in the medium voltage (MV) structure and, Sections VI and VII demonstrate the approach on a system level as well as for a building block for the proof of the concept. Finally, Section VIII draws the conclusion.
II. SST ARCHITECTURE AND BASIC CONTROL
For this paper, a three-stage SST [6] is chosen, and a basic drawing is reported in Fig. 2 . The availability of dc-links in both 0885-8993 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. MV and low voltage (LV) side allows us to provide services to both MV and LV grid. Each converter controls a specific variable: The LV converter implements a voltage closed-loop control to ensure optimal voltage waveforms with low THD. The dc/dc converter controls the LV dc-link voltage, ensuring a stable supply for the LV converter. It also performs the balancing of the MV cells. Finally, the MV converter implements the MV ac closed-loop current control in order to regulate the total MV dc-Link voltage. For MV converter topologies that do not feature a common dc-link, the sum of the MV dc-link can be controlled instead of the total voltage. This paper is focused on a specific modular architecture of the high-frequency dc/dc stage, that is based on multiple quadruple active bridge (QAB) converters [13] , [14] . The concept can be extended to an arbitrary number of ports [15] . For increased flexibility, the separate control of the phases in the MV and LV is considered, and cascaded H-bridge (CHB) are considered in the MV. The dc/dc stage is composed of multiple QABs connected to a LV full bridge (FB) and to the CHB cells. A detailed example of the interconnections between the QABs and the CHB is reported (for one phase only) in Fig. 3 . The LV ac inverter is omitted in the drawing, since it is not the focus of this paper. The two LV dc-links can be connected to separate three-phase converters or together to constitute the dc-link of a monolithic three-phase converter. In the figure, different colors describe different connections to the LV dc-links, highlighting the specific connections between the MV and LV dc-links. A change in V needs to be routed to V LV 1 , an intermediate step is needed, where the MV ports of the QAB exchange power among themselves. Many degrees of freedom for the connections are present, depending on physical constraints (insulation voltage of the secondary windings) or the degree of imbalance that is expected from the LV dc-links, to optimize a specific operating point. The optimization of the connections of the dc-links is object of future research.
The QAB schematic is shown in Fig. 4 the issues of the phase-shift modulation is the reactive power that each port is processing. Reactive power is defined when the current and the voltage at one port do not have the same sign and is visualized in Fig. 4(b) . Therefore, the reactive power can be defined as Q = f sw V DC a t 2 t 1 i a (t)dt, where t 1 is the zero crossing instant of the current at port a, t 2 is the switching time of port a, and f sw is the switching frequency. As it will be shown in the following, this fact is limiting the operation to small phase shifts, in order to limit the losses. The choice of the modulation and its thorough optimization is, however, not the core of this paper and has been investigated in [8] , [16] .
Multiple QABs will be connected to the LV and MV side, in order to obtain the desired medium-voltage level and ensure redundancy. The MV side controls the sum of the MV dc-link voltages, while the dc/dc ensures the balance between the CHB dc-links and regulates the LV dc-link voltage. III. LIFETIME-BASED CONTROL OF THE SST In order to enable the power sharing, a droop control based on virtual resistors is implemented [17] . The concept is based on the fact that the parallel connection of ideal voltage sources is not possible, while if they were coupled through an impedance, the modulus of this impedance could be used for the power sharing (with the source having the higher output impedance giving less power). Since a physical impedance would add components and unacceptable losses, a resistance is mathematically emulated in the controller in order to have the same behavior of a resistor connected in series to a voltage source. Consequently, when the current provided by the source increases, the voltage decreases.
Virtual resistors are used both in the LV and MV sides of the dc/dc converter, as depicted in Figs. 4(c) and 5(a). A lowfrequency equivalent circuit of the QAB is reported in Fig. 5(b) . Controlled current sources represent the power transfer due to the phase-shift modulation. The virtual resistors R v a -R v d are introduced only in the control and do not correspond to any physical component in Fig. 5(a) . In this paper, it is assumed that each cell of the CHB processes the same amount of power (as the most usual application case). It is exactly by changing the value of the virtual resistor that the power routing will take place, as it will be explained in the following.
The control of the SST is based on a lifetime model. Each FB of the QAB has a consumed lifetime A ∈ (0, 1), whereby A = 0 describes unstressed power semiconductors and A = 1 determines the end of life for the power semiconductors. A possible model to determine A is the linear Palmgren Miners rule, which is based on Rainflow counting of the power semiconductors junction temperature and damage accumulation [18] .
In the configuration chosen for this paper (see Fig. 3 ), two LV dc-links and six MV dc-links are considered. The repetition of three of these structures would allow a complete three-phase to three-phase converters to be made, with at least two LV converters for LV phase.
In the following, the notation is divided so that the letters a, b, c, d denote the single QAB ports, with port a being the LV one [see Fig. 4 (c)], while the numbers 1, 2, 3, 4 refer to the QAB.
Equation (1) represents the total age of QAB1 that can be conceptually visualized as the series connection between the "age" of the LV port A a1 and the equivalent parallel of the three MV ports A b1 , A c1 , A d1 . It is important to note that A 1 now represents an aggregate lifetime so a direct relation to the Palmgren-Miner rule is not possible anymore. In fact, the total age is used only for the virtual resistance calculation and not for the lifetime estimation, so its physical meaning is not important.
Since in this example QAB1 and QAB3 (as defined in Fig. 3 ) are connected to LV dc1, the power request by this dc-link will be shared in an inversely proportional way [see (2) ] and the resulting virtual resistor for QAB1 is expressed in (3). The term R 0 constitutes the proportionality between the age and the resistance, and represents a degree of freedom. However, a higher virtual resistance implies a higher steady-state error in the voltage control. The QAB can, therefore, be represented as an equivalent virtual resistor R v [see Fig. 4(c) ], that is related to the total lifetime of the converter. In fact, if the LV side is aged or the three MV ports are aged, the idea is to set R v to a high value to reduce the power transferred by this QAB.
This first control allows us to select how much power is processed by each QAB through its LV side, whereby a bigger resistance would cause the current to be diverted to other QABs. The virtual resistances of the MV ports of the QAB are proportional to their single lifetime (4); this allows rerouting the power in the MV side in the case of a healthy LV module and a deterioration of a single MV cell. The coefficient 9/2R v 1 is added so that when all the H-bridges of the complete structure have the same age, the QAB presents a resistance R v 1 /2 in the LV side and three parallel resistances of value 3R v 1 /2 in the MV side. Overall, the total virtual resistance of a QAB seen from the three MV ports in parallel and the LV one is equal to
It is worth noting that the imbalance happens only in the dc/dc side, and the power processed by the cells of the ac side is equally shared. If the ac cells were to process different powers, since they are series connected, a different ac voltage would result for each cell. However, the possibility of increasing the ac voltage is limited by the dc-link voltage. For this reason, in order to not modify the principle of operation of the CHB converter, it is assumed that the ac cell, and the MV dc-link as a consequence, process the same amount of power.
It is true that the maximum power limits of a dc path could be reached, preventing this condition to be fulfilled. In this case, the power routing control would be disabled because higher priority is given for supplying the load. The proposed power routing is to be applied only in partial load condition.
IV. STABILITY ANALYSIS
In order to assess the stability margin and the performance of the virtual resistor-based power routing shown in Fig. 5(a) , the simplified model of Fig. 5(b) is adopted, and the phase-shift modulation is represented by the currents i
For the control of the QAB in its presented configuration, the power transfer between the LV side and the MV side needs to be controlled by the PI controller of the "LV dc-link control." This controller determines the phase shift between the primary and all secondary-side ports. Furthermore, the MV dc-links need to be balanced and this is performed with two additional PI controllers in the "MV balancing control."
The intrinsic cross-coupled nature of the QAB causes interactions between the different ports during the transients because the modification of a phase shift would alter the power transfer of the other modules. While it does not constitute a stability problem, feedforward compensation can be realized. The nonlinear characteristic of the power transfer does not need to be taken into account if the system is designed to transfer the maximum power with a phase shift smaller than π/8. C LV and C MV are the dc-link capacitances in the low-and medium-voltage sides. V the generic MV ports. The currents with the "out" superscript represent the output currents, which are used for the virtual resistance implementation, and are considered as disturbances.
Equations (5)- (8) represent the current balance at the capacitors, (9) represents the PI controller used to control the LV side, and (10)- (12) show the implementation of the PI balancing controllers.
In order to evaluate the positions of the poles, also the MV outer voltage loop must be considered, and this is represented by an additional PI regulator with parameters K CHB P and K CHB I . In this case, the measured value for the outer voltage controller is the sum of the individual MV dc-link voltages, since the CHB converter does not feature a common dc-link. The balancing of the CHB cells is performed by the proposed dc/dc converter. The 
delays of the pulse width modulation and of the discretization are neglected, since the control dynamics are set well below the Nyquist frequency
The parameters of the simulations are reported in Table I , where also the sampling time T s of the control and the leakage inductance of the four-phase transformer are reported.
Due to the high complexity and high number of inputs/outputs, a simplified design procedure is proposed. The procedure is based on the technical optimum criterion that allows us to maximize the phase margin in the case of system with a pole in the origin (such as in the case of dc voltage controls).
The system to be controlled, when all the MV ports are given the same phase shift ϕ, is represented by (13) , so the gain G of the plant can be calculated by linearizing the system around the point ϕ = 0 [see (14) ]. This approximation is valid if the converter is designed to operate with small phase shift. It is to be noted that due to the interactions between the active bridges, at the denominator, the equivalent leakage inductance is 4L lk instead of L lk , as may be expected from the DAB equation
In this way, the PI controller can be tuned with a specific bandwidth BW LV . Due to the presence of one pole in the origin, the time constant of the PI regulator
must be chosen to be bigger than the desired one for the closed-loop system. The ratio R = τ LV BW LV basically selects the phase margin. The gain of the regulator can, therefore, be calculated as
and by choosing R = 6.6 a phase margin of 80
• is obtained.
The same parameters are chosen for simplicity for the balancing regulators. Regarding the tuning of the outer voltage loop, the same procedure with BW CHB is performed. As a design rule, the bandwidth of the outer voltage control should be wider than the one for the QAB.
In order to verify that this simple design procedure allows us to realize a stable system, the pole map of the overall state-space model is calculated and is shown in Fig. 6 . The system shows multiple complex conjugated poles, but is stable. The validity of the state-space model has been confirmed by comparing its output with the complete phase-shift model with the switches, and the agreement is excellent, as demonstrated in Fig. 7 , where the outputs of the two models are compared for a step change in the reference for the low voltage side. The authors are confident that despite the assumption made, the pole map of Fig. 6 represents a good approximation of the complete system dynamics.
V. ANALYSIS OF THE QAB OPERATION
In this section, the operation of the QAB will be analyzed, in particular, the soft-switching boundaries and the operation with power imbalance.
A. Zero Voltage Switching (ZVS) Range
In order to achieve ZVS turn-on of the devices, at the switching instant, the current must flow in the antiparallel diode. The soft-switching of the QAB can be calculated in a similar fashion to the DAB [16] , extending the condition to all bridges. transfer ratio and d = ϕ π is the normalized phase shift. The contour lines depict the reactive current at port a, defined above, in percent of the average load current and the thick black line depicts the ZVS border. When the QAB is operated in the area left of the black line, ZVS is lost. As a result, these bridges are hard switched at turn-on. In addition, the reactive current is increasing rapidly when operating in these regions as can be seen in Fig. 8 .
If the voltages on the primary side and on the secondary side are equal (M = 1), ZVS at turn-on is achieved for the full power range of the QAB. For M = 1, ZVS at turn-on is lost for light loads (small phase shifts). As a conclusion, the ZVS at turn-on range of the QAB is decreasing with increasing voltage imbalance.
B. Power Imbalance
The core proposal of this paper is that an unbalanced power transfer can be realized to improve the lifetime of the converter. However, the cost of this procedure in terms of efficiency reduction should be evaluated in order to find the optimal tradeoff between thermal control and efficiency [19] . Fig. 9 depicts how the reactive current and the ZVS border are changing with different power imbalances, defined as k c = P c P b
. The power distribution of the secondary-side ports is being changed so that one of the input ports is transferring power while the overall power transfer remains constant. The following four power transfer situations are depicted in Fig. 9 secondary-side ports power distribution 50% : 50% : 0%. It can be observed that with increasing power imbalance, the contour lines (constant reactive power) are moving to lower phase shifts.
C. Efficiency and Losses Distribution
Power losses calculations were done in order to assess the efficiency decrease in the case of unbalanced operation. The model of the insulated gate bipolar transistor (IGBT) SIGC32T120R3E was used in PLECS. In order to characterize the device's thermal model, a double-pulse test stand was used to evaluate the switching and conduction losses, and the results are published in [20] . As long as the converter is operating in soft-switching condition, the turn-on losses and the reverse-recovery losses do not happen. Fig. 10 depicts the efficiency in the simulation of the QAB normalized to the maximum efficiency η max , for symmetrical and asymmetrical power transfer operation (power distribution of the three secondary-side ports 50% : 25% : 25%). The voltages are equal at the primary and the secondary sides of the converter (V DC = 400 V, M = 1). The efficiency shows a maximum for low power, compatible with the characteristic of an IGBT converter that has a constant component of the voltage drop, then starts decreasing when the resistive losses become dominant. The simulation also shows a nonlinear decrease in efficiency for power higher than 10 kW that can be attributed to the nonlinear increase in reactive current for higher phase shifts. Based on the simulation, the efficiency with unbalanced power transfer is in average 0.63% lower than for balanced power transfer.
The study of the overall efficiency depending on the dc voltage and of the switching frequency is outside the actual scope of this paper, that is to show that only a little decrease of efficiency takes place during unbalanced operation. The efficiency optimization happens in the design phase, and can be performed by using standard optimization techniques reported in the literature. This constitutes the starting point of the analysis, and is the reason why the efficiency is normalized to the maximum value. The price of the power routing capability is a decrease of the efficiency, but it has been shown that this decrease is limited in extent.
VI. SIMULATION RESULTS
Simulations are carried out considering the structure in Fig. 3 , where each dc-link reference is set to 400 V, the switching frequency is 40 kHz with phase-shift modulation, and the dc capacitors are 330 μF. The transformers have unity turn ratio. The age of the modules is assumed to be different in the modular structure for different possible reasons, such as thermal imbalances, parameter tolerances, or because of the choice of a repairable system, where all cells have different age, as explained in [21] .
The simulations are carried out with MATLAB/Simulink and the PLECS toolbox. First, a variation in the aging indicator of a secondary-side bridge A d3 and the primary bridge A a4 is demonstrated in Fig. 11 . In particular, for each QAB, the lifetime parameters (age and virtual resistance) as well as the power processed by each QAB port are reported.
Initially, all primary and secondary bridges have the same aging indicator, and constant power of 2 kW is processed by each QAB. All bridges are processing the same power, until at t = 0.5 s, the aging indicator of one secondary bridge in QAB 3 is increased. This results in an increase of the virtual resistor and the power for the according cell is reduced. Due to the modular interconnection of the cells, the power P b4 in QAB 4 is increased. At t = 1.5 s, the primary aging indicator A a4 of QAB 4 is increasing and further unbalances the power transfer. As a result, the power in all bridges of QAB 4 is decreased, while the parallel structure of QAB 2 has to process higher power.
The second simulation in Fig. 12 is showing the influence of the virtual resistances on a power cycle. It is assumed that all secondary bridges have equal aging indicator. Instead, on the primary side, the aging indicator of QAB1, QAB2, and QAB3 is assumed to be equal, i.e., A 1 = A 2 = A 3 , while QAB 4 shows a higher aging indicator A 4 > A 1 . The power is already unequally shared during constant power operation and a sinusoidal halfwave-shaped power cycle of ΔP = 4 kW is applied to show the power sharing among the QABs. Similar to the constant power operation, the power cycle is unequally shared, resulting in different magnitudes of the power cycle for the QABs, which are quantified in Fig. 12 . Particularly, the load in all bridges of QAB4 is significantly reduced, while the power cycle in QAB 2 is increased in all bridges. The power cycle in the primary bridge of QAB2 is approximately 2.4 times higher than the power cycle in the primary bridge of QAB 4.
The aim of these simulations is to prove that the power can be routed depending on an indicator of the consumed lifetime of the basic cells, leading to different power cycles within the system. Similar to the reduction of power cycles, the cycles of the power semiconductor's junction temperatures, which are causing wear out, can be controlled. If the age increases, the control reduces the stress on those semiconductors, and the distributed droop control keeps the correct dc-link voltages across the whole converter to delay the time of the next maintenance.
How the age of the semiconductor is determined is outside the scope of this paper, which demonstrates the power routing principle. However, to demonstrate the effect of the power routing on the lifetime, a system consisting of a single QAB is chosen, as shown in Fig. 13(a) , with the QAB parameters as in Table I . The values of the virtual resistors are variable, because they are used to route the power in the system. As a difference to the case studied before, this QAB has two parallel connected ports on the primary and two parallel ports on the secondary side. This requires to change the control diagram of the QAB as presented in Fig. 13(b) . A regulator outputs the phase shift between the primary and the secondary sides, while the virtual resistors allow controlling the power distribution of the overall power in the parallel ports. The resulting power flow paths are two redundant paths on the primary and two redundant paths on the secondary side.
For this system, the long-time effect of the power routing is demonstrated. As pointed out before, different lifetime consumption is assumed for the different power converter cells. Moreover, in this case, the long-time increase of the age in all cells is assumed to be different, whereby the aging of cell a is happening faster than that of cell d. On the secondary side, the aging of the cell c is slower than the aging of cell b. For demonstration, the lifetime is modeled by setting the age A a , A b , A c , and A d proportional to the integral of the losses of the power semiconductors. From this age, the virtual resistors are derived, whereby the cells on the primary and secondary sides are modeled as parallel resistors as exemplary shown as follows for the virtual resistance of cell a: The power routing for the primary side is shown in Fig. 14 (a) and the aging of the secondary side is shown in (b). For the first two years, this is presented without the power routing showing that on both sides one cell is going faster toward its end of life than the other one. By activating the power routing, the aging of the cell with higher wear-out is slowing down, while the aging of the other cell is accelerating. Affected by the activation of the power routing, the virtual resistors change and then converge to each other as expected for decreasing difference in the age. The power of the most aged cell is reduced as intended. 
VII. EXPERIMENTAL RESULTS
A prototype of the QAB for reliability investigation was built based on a 25 A IGBT open module. This kind of module is not typically used for dc/dc converters; however, it was provided by the manufacturer without gel, allowing to track directly the temperature variations. Due to the absence of the gel, the prototype has to be operated at lower voltage due to insulation issues. The goal of the test bed is to prove, in simplified conditions, that a control based on variable virtual resistance can affect the thermal distribution inside the power module. Fig. 13(a) shows the configuration of the experimental setup, where port a and d are connected in parallel to a power supply at V src = 200 V and port b and c to a load resistor of R l = 25 Ω. The other parameters are the same as in the simulations. Fig. 15 shows a picture of the experimental setup, along with the oscilloscope and the infrared camera.
To prove the thermal stress variation, the low-load condition is are emulated by increasing the virtual resistance of the module under test to twice its value (initially 10 Ω) and the high-load condition is emulated by increasing the virtual resistance of the other module in parallel.
An IR camera was used to monitor the chip temperature of the open module (that implements an H-bridge cell) used for the tests, and the temperature was measured in the steady state after 5 min. Fig. 16(d) shows the measured temperature and (a) shows the actual waveform of the converter. In the same fashion, equal load and high load are shown in Fig. 16(e), (b) and Fig. 16(f), (c) .
This virtual resistance variation can be performed dynamically, as shown in Fig. 16(g) , where the resistance of module c performs a square wave between 10 and 20 Ω with a period of 1 s. The output current is shared proportionally. Such fast variations of the virtual resistors only represent a proof-of-concept of the proposed method, while it is expected that the variations are much slower in operating conditions due to their correlation with the aging.
VIII. CONCLUSION
The paper is focused on using a QAB as a building block of a modular dc/dc converter for medium-voltage application. The use of this topology in conjunction with the proposed control algorithm enables power routing within the system. The algorithm is based on a virtual resistor voltage control, where 
the virtual resistor is related to the accumulated damage of the power converter cells. The obtained capability of rerouting the power internally can be used in case of faults or, as it is proposed in this paper, to balance the consumed lifetimes of the different basic cells. Cells that have been more stressed (i.e., they have the lowest remaining lifetime) will see a reduction of their processed power, and healthier cells will share the load. Consequently, the power cycles of the stressed cells are reduced for prevention of a failure and maximization of the time to the next maintenance. The theoretical analysis proved the stability of the proposed control. The state-space model was validated with a comparison with a complete switching model, featuring the parasitic elements. Extensive simulations showed the ability of the proposed concept to reroute the power depending on the remaining lifetime of the cells in the system. A QAB prototype was built to allow monitoring the junction temperature with an IR camera, proving that the virtual resistor voltage control can dynamically affect the thermal stress of the power modules.
APPENDIX STATE-SPACE MODEL OF THE ADOPTED SYSTEM
For the stability analysis purpose, (5)- (12) are converted into a state-space model. The state vector V is defined as (16) , and the state derivative is calculate as (17) . The actual state depends also on external stimuli, such as the current drained from the LV dc-links and the reference signals. These matrices, since they do not intervene in the stability analysis, are omitted for simplicity. Matrix A is reported in (18) as shown top of the page, the components relative the MV controller are omitted for simplicity, since they are common for all the MV dc-links. In particular, the value − K C H B I 2C M V should be added to the elements A {5, 7,9,11,13,15}{5,7,9,11,13,15} , and the value − 
